Coal-derived syngas Carbon monoxide (CO) conversion a b s t r a c t
Introduction
In pre-combustion CO 2 capture approach used in the Integrated Gasification Combined Cycle (IGCC) plant, coal is initially gasified into syngas, composed mainly of H 2 and CO. The wateregas shift reaction (WGSR) is then applied to enrich the H 2 concentration from syngas product. WGSR is a wellknown and intensively studied reaction. It is a mildly exothermic reaction with an equilibrium constant inversely proportional to temperature [1] . This implies that the reaction is thermodynamically favored at lower temperatures. However, a faster reaction rate can be reached at higher temperatures because of higher chemical kinetics. Therefore, industrial WGSR is carried out in two steps [2, 3] . In the first step most of the CO and H 2 O are converted into H 2 and CO 2 over a Fe 2 O 3 eCr 2 O 3 catalyst in a high-temperature shift reactor operating typically between 300 and 450 C. A Cu/ZnO/ Al 2 O 3 catalyst is then used in a low-temperature shift reactor to further convert the remaining CO between 200 and 250 C.
Another industrially employed catalyst contains cobalt and molybdenum sulfides as the active ingredients. Catalysts of this type are sulfur-tolerant and can be used with sulfurcontaining syngas [4, 5] . The high-temperature WGSR using Fe 2 O 3 eCr 2 O 3 catalysts has been commercialized for more than 60 years. A good review was recently provided by Ratnasamy and Wagner [6] , Cornaglia et al. [7] and Cornaglia et al. [7] . For the IGCC application a large amount of sulfur compounds are present in the coal-derived syngas. The major sulfur compound in coalderived syngas is hydrogen sulfide (H 2 S) [8] . The presence of H 2 S in the syngas acts as a poison that deactivates the WGSR catalyst. Hla et al. [9] examined the performance of commercial FeeCr catalysts in coal-derived syngas with the presence of 70e1100 ppm H 2 S. They found that the catalyst activity was adversely affected by the presence of H 2 S as indicated by the negative reaction order with respect to H 2 S concentration. For lower H 2 S concentrations in the 11e35 ppm range, Boon et al. [10] carried out a detailed study on WGSR kinetics using a FeeCr catalyst between 375 and 475 C and indicated that H 2 S affects the reaction orders of all reactants for such low H 2 S concentration.
The development of new sulfur-tolerant catalysts for both low and high-temperature WGSR is attractive for reducing the desulfurization cost [11] . Morpeth et al. [12] examined a perovskite catalyst for WGSR and found that this type of catalyst has a high degree of H 2 S tolerance, particularly in the low H 2 S concentration regime. At a steam to CO molar ratio as low as 1.5, Reddy et al. [13] found that the simultaneous introduction of Cr and Co to FeeCe catalysts have excellent activity in the presence of sulfur for WSGR operated with temperatures in the 440~550 C range. Valsamakis and Flytzani-Stephanopoulos [14] developed a new class of lanthanide oxysulfide catalysts for high-temperature forward and reverse WGSR. Because of large oxygen storage capacity based on the sulfur ion redox in the interconverting oxysulfide/oxysulfate phases during the reaction, they claimed that this class of catalyst is stable with high activity when operated at temperatures up to 800 C and with high H 2 S concentration (up to 700 ppm) present in the gas mixture. Using the empirical power law to describe the chemical reaction rate has been proven very useful in many chemical reaction processes [15, 16] . For WGSR using FeeCr as the catalyst, Newsome [17] successfully provided a power law reaction rate expression. In the presence of H 2 S several earlier studies directly extended the power law to include the H 2 S effect [18, 19] . These studies found that the H 2 S reaction order depends on the H 2 S concentration and reaction temperature. As pointed out by Hla et al. [9] most of the earlier studies were carried out with a high N 2 content and lower CO and H 2 concentrations. This was quite different from the coal-derived syngas used in the IGCC plant. Another approach to examine the H 2 S effect on catalyst is via chemisorption which considers the H 2 S coverage rate on the catalyst [20] . With higher H 2 S coverage on the catalyst, more serious catalyst deactivation is expected. For the low temperature catalyst, Campbell and Koel [21] found that the rate of the forward WGSR decreases linearly with the sulfur coverage. This poisoning mechanism is attributed to steric blocking by the sulfur atoms in the sites required for dissociative water adsorption. Zhang et al. [22] investigated the deactivation characteristics of iron-based WGSR catalysts in the presence of H 2 S. Their experimental measurements indicated that sulfur replaces part of the oxygen on the catalyst surface when it is exposed to H 2 S. This leads to the formation of FeS which impedes the redox electron transfer cycle during WSGR, resulting in catalyst deactivation.
Since modeling and simulation can significantly improve system design and development efficiency which are important for industrial applications, this study developed a model that can be used for more extensive investigations into the H 2 S effect on high-temperature WGSR performance. To our best knowledge such a model and simulation cannot be found in the literature.
Mathematical models

Governing equations
The WGSR reactor considered in this study is a tubular reactor with length of L and radius of R b , as shown in Fig. 1 . Dried syngas mixed with water at a specified steam to carbon (S/C) molar ratio is introduced at the reactor inlet. The inlet temperature and pressure of reactant flow are denoted as T in and p in , respectively. The mathematical model was simplified on the basis of the following assumptions:
(1) All gas species and mixtures are treated as ideal gas.
(2) The catalyst pellet is spherical with diameter d p and the packed bed formed by the catalyst pellet can be treated as a homogeneous porous medium with porosity ε and permeability K. (3) The catalyst bed is in local thermal equilibrium with the surrounding gas mixture.
Based on the above assumptions the governing equations for momentum, energy and species transport in the reactor can be written as, Fig. 1 e WGSR physical domain.
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Eq. (1) is known as the DarcyeBrinkman equation [23] in which V ! is the flow velocity vector, p is the pressure, m g is the gas mixture viscosity and r is the mass-weighted gas mixture density defined as,
where N G is the number of gas species, x i and M i are the species molar fraction and molecular weight, respectively. In Eq.
(1b), the permeabilityK and Forchheimer drag coefficient C F for a packed bed with spherical particles can be written as [24] ,
Eq. (2) describes the energy transport in the reactor in which q c is the heat of reaction. In Eq. (2) c p is the massweighted specific heat defined as,
where m i and c pi are the species mass fraction described in Eq. (3) and specific heat, respectively. l e is the effective thermal conductivity of the catalyst bed defined as,
where l cat is the thermal conductivity of the catalyst particle and l g is the gas mixture thermal conductivity. Eq. (3) is known as the MaxwelleStefan species transport equation.R i , D ij,e and D i T are the production rate due to chemical reaction, effective binary gas diffusivity and thermal diffusion coefficient of the ith species, respectively. To account for the size, shape and nature of the pores inside the catalyst pellet, the effective binary gas diffusivity can be approximated as [25] ,
Where D ij and t are the binary gas diffusivity in free space and tortuosity of the catalyst pellet, respectively. In these equations the gas mixture transport properties (m g , l g , D ij and D T i ) can be evaluated based on the Chapman-Enskog theory [26] .
Boundary conditions
Referring to Fig. 1 , the boundary conditions required for completing mathematical model are as follows.
(1) Reactor inlet
In Eq. (9a) the inlet velocity is assumed to have a parabolic shape, _ n i;in is the inlet molar flow rate of the ith species which is obtained from the inlet syngas composition and S/C ratio. In Eq. (9b) the velocity, temperature and species mass fraction satisfy the Neumann boundary condition at the reactor outlet while the pressure is specified as P R . Note that the specified outlet pressure is similar to setting up back-pressure at the reactor outlet for generating the desired reactor operating pressure in the experiment. For gas flow the pressure difference between the inlet and outlet is generally small and can be neglected. The specified outlet pressure P R can be regarded as the reactor operating pressure. Because the reactor is axisymmetric, the derivatives of velocity, temperature and species mass fraction with respect to the radial direction are zero, as shown in Eq. (9c). At the reactor wall, as shown in Eq. (9d), the flow satisfies the non-slip boundary condition with no species deposition. For the thermal condition, h c and T c are the convective heat transfer coefficient and temperature of the cooling fluid, respectively. For a laboratory-scale reactor, the reactor is usually located in a temperature-controllable furnace. In this case, it might be assumed that WGSR takes place isothermally. The reactor may also be simply operated under thermally insulated conditions. For the isothermal case, T in ¼ T w ¼ T c is specified. For thermal insulation, h c ¼ 0 is given.
Chemical reaction model
The reversible and exothermic WGSR can be expressed as,
There are several models to describe the WGSR kinetics in the literature. Among them, the simple empirical power-law expression has been demonstrated to be useful in reactor design and optimization. Without the H 2 S effect, the powerlaw expression for the WGSR reaction rate is generally of the form [17, 27] :
where r 0 WGS is the reaction rate without the H 2 S effect; r i (i ¼ CO, H 2 O, H 2 , CO 2 ) is the species reaction order; and k is the rate constant described by the Arrhenius law,
where R is the universal gas constant; k 0 is the preexponential factor; E a is the activation energy and T is the reaction temperature. In Eq. (11), K eq is the equilibrium constant for WGSR given as [28] ,
To account for the H 2 S effect on catalyst activity two approaches can be found in the literature. The first of these approaches is to extend the power law expression by including the H 2 S effect [9, 10] , ie,
where r WGS and k s are the WGSR reaction rate and rate constant with the H 2 S effect. The H 2 S reaction order is denoted as n. As reported in the studies of Hla et al. [9] and Boon et al. [10] , the H 2 S reaction order depends on the reaction temperature and H 2 S concentration in the syngas. In this study, Eq. (14) is referred as the extended power law model that accounts for the H 2 S effect. Another approach to describe the H 2 S effect on WGSR chemical kinetics is based on the chemisorption model described by Rostrup-Nielsen and Christiansen [29] and Alstrup et al. [30] ,
where q s is the H 2 S coverage rate on metal catalyst. For WGSR, q s can be expressed as [29, 30] ,
where a is a correction factor, P H 2 S and P H 2 are the partial pressures of H 2 S and H 2 , DH 0 and DS 0 are the heat and entropy of adsorption for the H 2 S chemisorption reaction on metal,
Based on the reaction kinetics described above the production rate for each species and heat of reaction can be written as,
whereDH WGS is the heat of reaction of WGSR. The temperature-dependent DH WGS can be expressed as [31] ,
The temperature dependent specific heat c p,i for the gas species present in the WGSR can be found in the textbook by Borgnakke and Sonntag [32] .
Numerical methods
All of the governing equations along with the boundary conditions were solved simultaneously using COMSOL multiphysics (Comsol Inc., version 4.4). Multi-physics modules for weakly compressible NaviereStokes, general heat transfer, and MaxwelleStefan were applied to solve the velocity, temperature and species concentration distributions in the reactor. The numerical solution accuracy strongly depends on the mesh size. Finer meshes were used to capture the subtle changes in velocity, temperature and species concentration in the inlet, outlet and reactor wall. The mesh-independent solution was carefully studied before reporting the final results. The numerical results show that the solutions become meshindependent when the element number exceeds approximately 3000. For all of the results presented in this study, 5000 meshes were used to ensure numerical convergence and solution accuracy.
The WGSR performance is characterized by the CO conversion defined as,
where _ n CO;in and _ n CO;out are the molar flow rates of CO at reactor inlet and outlet, respectively. The CO conversion under equilibrium condition is usually employed as the basis for comparison to evaluate catalyst performance. Assuming ideal gas behavior and CO as the limiting reagent, the equilibrium CO conversion X CO,eq can be expressed as [33] ,
where y 0 i is the initial molar fraction of the ith species in the gas mixture. 
Results and discussion
Numerical parameters
The fixed numerical parameters used in this study are listed in Table 1 . The length of the reactor is chosen as 150 mm [34] . The catalyst bed properties are taken from the study of Adams and Barton [35] . To carry out parametric study on the WGSR performance, base operation conditions of the reactor are listed in Table 2 . As shown in Table 2 , thermally insulated WGSR is considered. The dried syngas composition is taken from the study of Hla et al. [9] . It is to be noted that the dried syngas listed in Table 2 does not include the H 2 S. For mass conservation requirement with H 2 S effect, the CO 2 content is reduced by the amount that H 2 S introduced into the syngas while keeping all other compositions unchanged.
Reaction rate model
Based on the study of Hla et al. [9] and the suggestion of Adams and Barton [35] , the reaction rate for WGSR operated at high temperature and pressure with the H 2 S effect can be written as, (22) where A and F press are the correction factors to account for the appearance of H 2 S and the high pressure effect on the reaction rate, respectively. As suggested by Ref. [35] , F press can be expressed as, 
where P R is the reactor operating pressure. Note that the catalyst used for the reaction order shown in Eq. (22) 
To complete the WGSR reaction rate one needs to specify the a and A values appeared in Eqs. (16) and (22), respectively. In this study, these two parameters were obtained by fitting the numerically predicted Xco using Eqs. (15) and (22) with the Xco estimated from the experimentally measured CO consumption rate provided in the study of Hla et al. [9] for H 2 S concentration in 70e1100 ppm range. As shown in Fig. 2 using the parameters listed in Tables 1 and 2 and A is simply chosen as,
Eq. (22) can provide the optimum fit to the experimentally measured CO conversion. In Eq. (22), [H 2 S] is the H 2 S concentration in ppm. Similarly for the chemisorption model, the optimum CO conversion fit can be obtained from Eq. (15) when a is chosen as 0.65 as shown in Fig. 2 . Although both models did not exactly fit into the experimental data, they are adequate for describing the general behavior of the H 2 S concentration effect on the WGSR. Using the parameters listed in Fig. 4 e Typical variation for CO and H 2 mole fractions along the reactor centerline for cases with and without the H 2 S effect under the base operation conditions. T in ¼ 450 C. i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 0 ( 2 0 1 5 ) 8 0 5 1 e8 0 6 1 Tables 1 and 2 , Fig. 3 (a) shows the Xco with [H 2 S] ¼ 500 ppm predicted from both extended power law and chemisorption models. It is seen that both models predicted similar variation trend for Xco as function of inlet temperature. In Fig. 3(b) , the predicted H 2 S coverage rate for various inlet temperatures is shown. As expected, q s increases with the increase in H 2 S concentration. It is also seen that q s decreases with the increased inlet temperature showing H 2 S chemisorption onto catalyst becoming less effective when the temperature is high [29, 30] . In the following study, the extended power law model is used for the Xco prediction while q s is predicted from the chemisorption model. Fig. 4 shows typical CO and H 2 mole fraction variations along the reactor centerline using T in ¼ 450 C and parameters listed in Tables 1 and 2 It is clearly seen that with the H 2 S effect both CO conversion and H 2 production are reduced compared with the case without the H 2 S effect. Using T in as the primary parameter, the H 2 S concentration effect on WGSR performance is shown in Fig. 5 . Fig. 5(a) shows Xco for various H 2 S concentrations. Xco for equilibrium reaction, catalytic reaction without H 2 S effect, catalytic reaction with H 2 S effect cases are all shown together. From Fig. 5 (a) the CO conversion decreases when the H 2 S concentration is increased. Because of reverse WGSR at high temperature, maximum Xco can be found at certain temperature. With the increase in H 2 S concentration the maximum Xco decreases and the temperature at which maximum Xco occurs is shifted toward the higher temperature regime. With high H 2 S content such as the case of 1000 ppm, the catalyst activity is almost suppressed at low temperature while Xco increases with inlet temperature monotonically. These observations agree well with the experimentally obtained results reported by Valsamakis and Flytzani-Stephanopoulos [14] . The results shown in Fig. 5 (a) also indicated that Xco can approach to the equilibrium Xco when temperature is in the 
range in which reverse WGSR occurs. This can also be observed for the case without H 2 S effect. Based on this observation, it is suggested that the H 2 S effect can be ignored when reaction temperature is high, however, the Xco is lower.
From Fig. 5 (a) it is also seen that H 2 S has a profound effect when the reaction temperature is low. This effect can be explained from the H 2 S coverage rate as shown in Fig. 5(b) corresponding to the results shown in Fig. 5(a) . Based on the chemisorption model the H 2 S coverage on the catalyst surface is more significant when the temperature is low. With higher reaction temperature, it is observed that it would be more difficult for the H 2 S to be adsorbed onto the catalyst surface and consequently produced less effect on CO conversion. Fig. 5(c) shows the H 2 mole fraction corresponding to Fig. 5(a) . The H 2 mole fraction variation has a similar trend as that for Xco.
As listed in Table 1 , WGSR is assumed to be operated in an insulated reactor. In Fig. 6 , Xco for insulated and isothermal reactors are compared under the same parameters listed in Tables 1 and 2 For the isothermal case, the wall temperature is the same as the inlet temperature. Fig. 6 shows that there is no significant difference between these two cases because WGSR is a mild exothermic reaction.
WGSR operating condition effect
The operating conditions effect on the WGSR for both with and without H 2 S cases are examined in the following using variations in the base operating conditions as listed in Table 2 . Fig. 7 shows the S/C ratio effect on reactor performance. The results in Fig. 7 were obtained by varying the S/C ratio while keeping all other parameters fixed, as listed in Tables 1 and 2 The equilibrium Xco computed from Eq. (21) for three S/C ratios studied are also shown in Fig. 7 . From Fig. 7(a) e(c), it is seen that with the increase in S/C ratio Xco is also increased in cases with and without H 2 S. Although reducing the S/C ratio to enhance the overall IGCC thermal efficiency is desirable [36, 37] , the Xco drops significantly for the S/C ¼ 1 case, as shown in Fig. 7(a) . The H 2 S effect becomes insignificant when the reaction temperature is high. As indicated from the chemisorption model, the H 2 S coverage rate decreases as the reaction temperature is high. However, Xco decreases due to reverse WSGR when the reaction temperature is high.
Under fixed inlet temperature and total reactant molar flow rate, an increase in inlet pressure corresponds to a decrease in the total reactant volumetric flow rate. Consequently, the reactant residence time increases and results in more complete reaction [38] . Xco enhancement due to increased inlet pressure is clearly demonstrated in Fig. 8 for both with and without H 2 S cases. The temperature at which the maximum Xco results is shifted toward the lower Fig. 8 e Inlet pressure effect on Xco for both with and without H 2 S effect. Fig. 9 e Inlet CO molar flow rate on Xco for both with and without H 2 S effect. Fig. 10 e Reactor size effect on Xco for both with and without H 2 S effect. 
temperature region as the pressure increases. Based on the result shown in Fig. 8 , it is seen that the CO conversions for 10 and 15 atm cases are close. It is then expected that X CO approaches to a limiting value as the pressure increases further. Note that the results shown in Fig. 8 is based on the pressure correction indicated in Eq. (23), modified pressure correction model might be required if WGSR performance operated at higher pressures were to be predicted. Fig. 9 examines the inlet CO molar flow rate effect. For given inlet pressure and inlet temperature, an increase in reactant flow rate implies the reactant residence time in the reactor is decreased. That is, the time for reaction is reduced, resulting in lower CO conversion. The effect of reactant flow rate on Xco is shown in Fig. 9 . In Fig. 9 r f is the ratio of inlet CO molar flow rate to the base CO molar flow rate. With r f ¼ 0.1, high Xco is expected due to the increased residence time. With r f ¼ 10 Xco drops significantly due to the decrease in reactant residence time, especially for the case with the H 2 S effect.
The reactor size effect on the WGSR performance is shown in Fig. 10 for various reactor radiuses while reactor length is kept unchanged. With fixed feed rate to the reactor, the reactant residence time can be adjusted by varying the reactor radius. When the reactor radius is reduced to 2.5 mm the reactant flow velocity increases. Xco is decreased due to the decrease in reactant residence time. Conversely, Xco increases with the increase in reactor size. Note that all of the results shown in Fig. 7e10 indicate that the reactant residence time is an important factor in WGSR for cases with and without the H 2 S effect.
Syngas composition effect
Depending on the feedstock and agent used for gasification the produced syngas could have various compositions. In addition to the syngas compositions listed in Table 2 , the syngas composition used in the study of Murgia et al. [39] as listed in Table 3 was employed in this study to examine the syngas composition effect on WGSR. As shown Table 3 the CO 2 mole fraction was varied from 0.06 to 0.52 while the CO and H 2 remained unchanged. Fig. 11 shows the CO 2 content effect on WGSR performance for cases with and without H 2 S using the parameters listed in Tables 1 and 2 except the syngas composition. From the results shown in Fig. 11(a)e(d) , it is seen that Xco decreases with the increased CO 2 amount in the Fig. 11 e CO 2 content effect on Xco using the syngas listed in Table 3 
Conclusion
This study presented a model for predicting the H 2 S effect on WGSR for coal-derived syngas based on the extended power law and chemisorption models. Based on these models, the following conclusions can be made:
(1) Xco decreases with increased H 2 S concentration and the H 2 S coverage rate increases with the decrease in reaction temperature.
(2) Because of reverse WGSR, a maximum Xco can be found for both with and without the H 2 S effect. The temperature at which maximum Xco resulted shifts to a higher temperature region when H 2 S effect is considered. (3) For reaction temperatures in the range at which reverse WGSR occurs, the H 2 S effect can be ignored because the Xco for both with and without H 2 S effect cases approaches to equilibrium Xco. (4) For both with and without the H 2 S effect, Xco greatly depends on the reactant residence time. With long reactant residence time, higher Xco can be obtained for cases with and without H 2 S. In addition to the reactor size, the reactant residence time can also be adjusted by varying the feed rate, inlet pressure, and S/C ratio of the syngas. (5) With fixed CO and H 2 contents and syngas composition balanced by N 2 , it was found that Xco decreases with the increase in CO 2 content for cases with and without H 2 S. (6) Based on the results obtained, it is suggested to operate WGSR in IGCC plant at high temperature, high pressure and low reactant feed rate to avoid the H 2 S effect. However, lower X CO is resulted for WGSR operated at high temperatures.
